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Introduction
The endothelium plays an integral role in maintaining vascular health (Deanfield et al. 2007 ) and endothelial function can be assessed non-invasively by measuring the magnitude of endothelial dependent dilation following an experimenter imposed increase in blood flow associated shear stress (flow mediated dilation; FMD) (Celermajer et al. 1992) . The standard methodology used to assess FMD is the reactive hyperemia test, which stimulates a large but transient increase in conduit artery shear stress via the release of a 5 minute limb occlusion (5 min RH-FMD) (Celermajer et al. 1992) . This test has been shown to have some utility in predicting future risk of cardiovascular events in both disease and healthy populations (Inaba et al. 2010; Thijssen et al. 2011) . However, there is growing evidence to suggest that other shear stress profiles elicit different transduction mechanisms and that the resulting FMD response could provide distinct or complementary information regarding the function of the endothelium (Findlay et al. 2013; Frangos et al. 1996; Mullen et al. 2001; Szijgyarto et al. 2013) . Thus inclusion of more than one unique shear stress profile when investigating FMD may allow a more comprehensive characterization of endothelial function.
Lengthening the duration of occlusion can prolong the shear stress stimulus created by reactive hyperemia. This typically yields a larger FMD response than the standard 5 min-RH test (Ku et al. 2014; Mullen et al. 2001) , and has been minimally studied with respect to its ability to detect endothelial dysfunction in a variety of populations (Mullen et al. 2001) . Handgrip exercise (HGEX) elicits a sustained, intensity-dependent increase in brachial artery shear stress (Findlay et al. 2013; Pyke et al. 2008b ; Wray et al. 2006) . Compared to an RH profile this better reflects how shear stress increases in response to daily activity. Exercise induced FMD (EX-FMD) may also play a role in perfusion (Duffy et al. 1999; Nabel et al. 1990; Vita and Hamburg 2010) , therefore it is important that the factors that influence this response are fully understood. Recent evidence suggests that HGEX stimulated FMD (HGEX-FMD) vs. 5 min RH-FMD may be impacted differently by acute stimuli Szijgyarto et al. D r a f t 4 2013) and that HGEX-FMD is more profoundly impacted by a short history of smoking (Findlay et al. 2013) . Collectively this indicates that 1) 5 min RH-FMD responses cannot be generalized to HGEX-FMD and 2) HGEX-FMD may be an indicator of emerging endothelial dysfunction (Bellien et al. 2010; Findlay et al. 2013 ). Thus, HGEX-FMD may reveal endothelial dysfunction that is not captured by a standard 5 min RH-FMD test.
Many (Arcaro et al. 1999; Brook et al. 2001; Meyer et al. 2006; Olson et al. 2006; Woo et al. 2004 ), but not all (Biasucci et al. 2010) , studies have reported impaired 5 min RH-FMD in obese vs. healthy weight populations, and it is thought that endothelial dysfunction may provide an important mechanistic link between obesity and increased risk of cardiovascular disease (Van Gaal et al. 2006) . However, no studies to date have examined the ability of the arteries to respond to more sustained shear stress stimuli in an obese population, and this would provide more detailed information regarding the extent or nature of endothelial dysfunction. The purpose of the present study was therefore to compare FMD between young, obese participants vs. lean controls in response to three distinct shear stress stimulus profiles (5 min RH, 15 min RH and HGEX). We hypothesized that FMD would be lower in all tests in the obese participants, and, in agreement with our findings in young smokers (Findlay et al. 2013) , that the most pronounced difference between the groups would be found for the HGEX-FMD response.
Methods

Participants
Nine obese males (aged 18-40) and nineteen healthy-weight, control subjects participated. The study protocol was approved by the Health Sciences Research Ethics Board at Queen's University, and participants provided written informed consent to participate on forms approved by this board.
In order to be included in the obese group, participants were required to have a waist circumference of ≥102 cm (40 inches). In order to be included in the control group, participants were required to have a body mass index (BMI) that was less than 25 kg/m 2 and a waist circumference of ≤ 86 cm (34 inches) (Han 1995 In an initial visit participants were screened for anthropometric measurements, medical history and blood pressure (screened via a BpTRU device; Medical Devices, Coquitlam, British Columbia, Canada). They were then familiarized with the study equipment and protocol. Participants were instructed to abstain from alcohol, caffeine, and food for 12 hours and from exercise for 24 hours prior to the single experimental visit. Visits occurred in the morning (starting between 8 am -9:30 am) in a quiet temperature controlled room (20.5°C -23°C).
Experimental Protocol
Upon arriving at the laboratory, participants were asked to lie in a supine position for 30 minutes.
During the rest period, they completed a 7-day physical activity questionnaire to estimate physical activity levels. Blood was drawn for determination of blood viscosity, glucose and lipids. At the end of this initial rest period arterial stiffness (via pulse wave velocity (PWV)) and common carotid artery intima media thickness (IMT) were assessed to provide a thorough characterization of vascular health.
Participants then completed five FMD trials: two consecutive HGEX trials, two consecutive 5 min occlusion RH trials, and one 15 min occlusion RH trial. The order in which the HGEX and 5 min RH trials occurred was counterbalanced (i.e. whether the two 5 min RH or the two HGEX trials were performed first was rotated between participants), while the 15 min RH test was always the final test of the session. A minimum of 10 minutes, or until baseline diameter was re-established elapsed between trials. Figure 1 outlines the experimental protocol. The stability of RH-FMD Pyke and Jazuli 2011) and HGEX-FMD (Pyke and Jazuli 2011) responses over several closely spaced trials has been demonstrated previously.
Heart Rate and Blood Pressure monitoring
Heart rate (HR) was monitored with a three-lead electrocardiogram for the duration of the study.
Mean arterial pressure was monitored throughout each trial via photoplethysmography (Finometer PRO;
Finapres Medical Systems, Amsterdam, The Netherlands). To achieve this a pneumatic finger cuff was secured around the right middle finger with the hand placed at heart level.
Brachial artery blood velocity and diameter measurement
An ultrasound probe (Vivid i2; GE Medical Systems, London, ON, Canada) was placed over the left brachial artery to acquire an optimal image of the vessel and a clear arterial blood velocity signal.
Once in position, a guide was secured to the skin so that the same region of the vessel was scanned in all trials. For reasons previously described, all scans were performed at an insonation angle of 68° (Pyke et al. 2008a 
Blood Viscosity
Blood was drawn from a vein in the antecubital region prior to the beginning of data collection and was promptly analyzed at a shear rate of 225 s -1 (Brookfield Viscometer DV-II+ Pro) at 37 ± 2 o C.
The venous blood sample was not obtained in 3 participants (obese: n=2; control: n=1).
Blood Lipid and Glucose Analysis
A small sample of the venous blood was used to analyze fasting blood lipid and glucose levels using a Cholestech LDX System (Alere Inc., Ottawa, ON, Canada).
D r a f t
Handgrip exercise flow-mediated dilation test (HGEX-FMD)
Participants extended their left arm and a handgrip device was placed in their left hand. The real time blood velocity was displayed on a computer screen as a 6 second moving average. Following 1 minute of baseline recordings, handgrip exercise was initiated at the intensity (established in the initial familiarization visit) that achieved the required blood velocity for a shear stress target of 17.5 dyn/cm 2 .
The blood velocity required to achieve the target shear stress was calculated for each participant as:
Required Velocity = 17.5 dyn/cm 2 x brachial artery diameter/4 x Viscosity
In the cases (n=3) where blood viscosity was not obtained, the group mean was used in its place.
The participant received visual feedback regarding their exercise intensity by displacing a force output line on a computer screen to a target controlled by an experimenter (Pyke et al. 2008b) . Contractions were performed in a 1s contraction, 5s relaxation pattern . Participants were coached through minor increases and decreases in contraction intensity in order to maintain the required blood velocity for the 10 minute exercise bout.
Reactive hyperemia flow-mediated dilation tests (RH-FMD)
Participants extended their left arm and an occlusion cuff was secured around their forearm immediately distal to the antecubital fossa. Baseline recordings were made for 1 minute. The occlusion cuff was then inflated to a pressure of 250mmHg for a period of 5 minutes or 15 minutes. Recording of blood velocity and vessel diameter resumed 1 min prior to cuff deflation and continued for a further 3 minutes post-deflation.
Common Carotid artery IMT
IMT was measured by applying a linear ultrasound probe operating at 12 MHz in B-mode (Vivid i2; GE Medical Systems, London, ON, Canada) to the left common carotid artery, such that the carotid sinus was visible. This ensured that the image was taken at a similar location in all subjects. Each recording lasted for a minimum of 10 seconds. Carotid artery image capture for IMT assessment was as described for the brachial artery. between the two measurement points in the supine position. All distances were measured using a measuring tape held above the body surface to avoid distortion due to varying contours of the body between subjects.
Data Analysis
Heart rate and Blood Pressure
Heart rate and blood pressure during the FMD tests were analyzed offline in 3 second average time bins using the data acquisition software program LabChart (AD Instruments). Averages were calculated for the baseline of each FMD test, during exercise for HGEX-FMD and in the last minute of hyperemia for 5 and 15 min RH-FMD.
Brachial Artery Blood Velocity
Blood velocity was analyzed offline in 3 second average time bins for mean shear stress determination using the data acquisition software program LabChart (AD Instruments).
Brachial Artery Diameter
Vessel diameter was analyzed using automated edge-detection software ( 
Flow-Mediated Dilation
The % RH-FMD was quantified by calculating the percent increase in diameter from the baseline diameter measured for 1 minute prior to cuff inflation to the peak 3 second average diameter post occlusion cuff release. In the case that artery wall tracking prior to occlusion was poor, the diameter recorded during the last minute of occlusion was used in its place (5 min RH-FMD: 1 (control) out of 56 scans; 15 min RH-FMD: 1 (obese) out of 28 scans). The %HGEX-FMD was quantified by calculating the percent increase from the baseline diameter (1 minute pre-exercise baseline) to the average diameter in each minute of exercise. Absolute HGEX-FMD was calculated as the absolute difference (cm) between the baseline and diameters same diameters used for % FMD calculation. FMD from repeat trials (of both 5 min RH and HGEX-FMD) were averaged and treated as a single response for comparison between participants. Some scans were excluded due to poor wall tracking (HGEX: 7 (4 obese, 3 control) out of 56 scans; 5 min RH-FMD: 2 (1 obese, 1 control) out of 56 scans). In such circumstances the remaining single trial with superior wall tracking was used instead of a two trial average. . This was done using both the shear stress AUCto-peak, and the AUC until a fixed time point post cuff release (5 min RH-FMD AUC-30s; 15 min RH-FMD AUC-90s).
Normalized FMD
RH-FMD normalized to the shear stress stimulus was calculated as %FMD/Shear stress AUC.
The following AUC were used i) AUC until the time of peak diameter measurement ( 5 min and 15 min tests) ii) 30s AUC (5 min RH test) iii) 90s AUC (15 min RH test).
Common carotid artery IMT
IMT was analyzed using Carotid Analyzer for Research (Medical Imaging Applications, Coralville, Iowa, USA). In a similar fashion to brachial artery analysis, the program allows for the selection of a region of interest and then tracks the intima and media of the artery's far wall via the intensity of the brightness of the lines. The program also allowed for the removal of erroneous data points due to tracking errors. The mean far wall IMT value from the 10s image clip was used in statistical analyses. IMT was not obtained in 4 participants (3 control, 1 obese) due to inadequate image quality.
Central and peripheral PWV
The data was band pass filtered (max 30 Hz, min 5 Hz) and the time elapsed between the minimum point in each cycle (indicative of the foot of the waveform) of the carotid and femoral, and the femoral and dorsalis pedis pulse waves was identified .
PWV was calculated with the following equation: PWV= distance travelled (meters) /transit time (seconds).
A minimum of 10 heart cycles was collected for analysis. A PWV value was calculated for each cycle, and then an average 10 cycle PWV was calculated for each subject. Individual cycles that differed D r a f t from the average by more than 2 SD were eliminated from the individual average calculation (all individual averages included a minimum of 8 cycles). PWV was not obtained in 2 participants (1 control, 1 obese) due to poor signal quality. were applied to perform post hoc analysis on significant main effects and interactions. Due to differences in baseline diameter between groups, group comparisons of absolute FMD were also performed using allometric scaling analysis (Atkinson et al. 2013 ) such that log transformed baseline diameter was used as a covariate. Cohen's d was calculated for %FMD to assist in comparing the magnitude of impact of group on the three distinct FMD responses. All statistical analysis was completed using IBM SPSS, Version 20 (SPSS Inc., Chicago, IL, USA). Data was presented as means ± SD.
Statistical Analysis
Results
Participant Characteristics
The baseline characteristics of the participants are displayed in Table 1 . Age, BMI, waist circumference, baseline diameter, systolic blood pressure and LDL cholesterol were significantly higher in the obese group, while HDL cholesterol was significantly lower in the obese group.
HR and mean arterial pressure (MAP) during FMD testing
The HR and MAP data are reported in and main effect of group p=0.224).
Shear Stress
No differences in baseline shear stress were observed between groups in the HGEX-FMD test (p=0.417). The shear stress stimulus over the 10 min exercise bout is shown in Figure 2A . Steady state shear stress in the HGEX-FMD test was also not significantly different between groups (p=0.390) ( Figure   2B ).
In the 5 min RH-FMD test, the larger shear stress AUC-to-peak in the obese group approached significance (p=0.080) ( Figure 2C ) and in the 15 min RH-FMD test the AUC-to-peak was significantly larger in the obese group (p=0.004) ( Figure 2D ). As expected, the 15 min RH-FMD test AUC-to-peak was larger than in the 5 min RH-FMD test (p<0.001). When time post cuff release for shear stress AUC calculation was fixed, similar results were observed. In both the 5 min RH-FMD test and the 15 min RH-FMD test the AUC-30s was significantly greater in the obese group (p=0.040). In the 15 min RH-FMD test the AUC-90s, was significantly greater in the obese group (p=0.015).
FMD
A significant effect of time (p<0.001), group (p=0.001), and a significant time by group interaction (p<0.001) were observed for the HGEX-FMD test (Figure 3 ). The obese group had a significantly impaired HGEX-FMD compared to the healthy controls (last minute of exercise: 5.2 ± 3.0%
vs. 11.5 ± 4.4%). The difference between the two groups became significant in the 2 nd minute of exercise and remained significantly different until the end of the exercise bout. Results for the absolute change in FMD were similar (significant effect of time (p<0.001); significant effect of group (p=0.001) and an interaction between group and time (p<0.001)). In addition, absolute HGEX-FMD analyzed with the D r a f t allometric scaling approach also demonstrated a significant group difference (p=0.013). The relative (%MVC) and absolute (represented by handgrip dynamometer voltage output) force exerted during the HGEX did not differ between groups (relative-control 47 ± 9%; obese 40 ± 15%, p=0.102; absolutecontrol 0.8 ± 0.2 mV; obese 0.7 ± 2 mV p=0.298).
For the 5 min RH-FMD test no group differences in %FMD ( Figure 4A) , absolute FMD or timeto-peak diameter (Table 3) were observed (p=0.466, p=0.875 and p=0.256). Similarly when absolute FMD was analyzed with the allometric scaling approach no group differences were found (p=0.269).
Similar to the 5 min RH-FMD test, for the 15 min RH-FMD test, there were no significant group differences in %FMD or absolute FMD or FMD analyzed with the allometric scaling approach (p=0.181, p=0.534 and p=0.531) ( Figure 4B ). However, a significant group difference in the time-to-peak diameter was observed for the 15 min RH-FMD test (p=0.026) ( Accounting for the shear stress stimulus via ratio normalization did not reveal group differences in 5 min RH-FMD (% 5 min RH-FMD normalized to AUC-30 p=0.118; similar results were found with absolute FMD and AUC-to-peak). In contrast, for 15 min RH-FMD ratio normalization revealed group differences (% 15 min RH-FMD normalized to AUC-90 p=0.002; similar results were found with absolute FMD and AUC-to-peak).
Shear stress stimulus-FMD response slope (RH-FMD tests)
When the shear stress was characterized as the AUC-to-peak and the response was characterized as a %FMD, the stimulus response slope in the obese group (0.004 ± 0.002) was significantly lower than the slope of the control group (0.009 ± 0.005) (p=0.001). This remained significant when the absolute FMD was used (p=0.002), and when the stimulus was calculated as an AUC to a fixed time point (AUC-D r a f t 30s for 5 min RH-FMD and AUC-90s for 15 min RH-FMD) with the response characterized as either a %FMD (p=0.001) (Fig. 5) , or an absolute FMD (p=0.001). Figure 5 presents the dose response relationship for each participant and the relationship constructed from the group average data.
PWV and IMT
There were no significant group differences in peripheral PWV ( 
Discussion
This study was designed to investigate whether obesity is associated with a universal, or a shear stress profile specific impact on FMD. The key novel findings are as follows: 1) we have shown for the first time that compared to lean controls, young men with obesity had an impaired FMD response to a sustained, handgrip exercise induced shear stress stimulus, 2) this was observed alongside an absence of group differences in RH-FMD (following both a 5 and 15 min occlusion), 3) after accounting for the magnitude of the stimulus, the 15 min RH-FMD, but not the 5 min RH-FMD was significantly lower in the obese group. As a whole these findings suggest that the obese group had an impaired ability to respond to prolonged shear stress stimuli, resulting from handgrip exercise and the release of prolonged forearm occlusion, but a relatively preserved ability to respond to the brief shear stress stimulus resulting from the release of a 5 min forearm occlusion. These data indicate the presence of some level of endothelial dysfunction in the obese group that would be missed by assessment with a standard 5 min occlusion test alone. Although links to clinical outcomes have yet to be determined, from a physiological/functional perspective, research seeking to comprehensively evaluate brachial artery endothelial function may benefit from inclusion of FMD stimulated by prolonged increases in shear stress. We also observed a trend towards a larger carotid artery IMT and faster central PWV (approaching D r a f t significance, both p=0.075). In agreement with the evidence of impaired endothelial function, this suggests that the obese group had a lower vascular health status.
RH-FMD time to peak diameter
While no differences were observed for the 5 min RH-FMD test, time to peak dilation was significantly longer in the obese group in the 15 min RH-FMD test (Table 3) . This is in agreement with previous reports that a longer time to peak dilation might be indicative of vascular dysfunction Fernandes et al. 2014; Irace et al. 2008) , and suggests that this effect may be more easily detected with a larger RH profile. Group differences in the time to peak diameter, which reflect response dynamics, could generate differences in the shear stress AUC to peak diameter measurement that do not reflect a true difference in the stimulus profile. To ensure that we had a stimulus characterization that was independent from response characteristics, we also calculated a shear stress AUC to fixed time points (30s in the 5 min RH test and 90s in the 15 min RH test). Group differences in the stimulus were similar when characterized independently from the time to peak diameter, indicating that the differences were not simply an artifact created by the longer time to peak diameter in the obese group.
min and 1min RH-FMD
No significant differences in RH-FMD were detected between the obese and control groups using the 5 min RH-or 15 min RH-FMD tests. These findings are in contrast with the majority of previous studies which have observed an impaired 5 min RH-FMD response in participants with obesity (Arcaro et al. 1999; Brook et al. 2001; Hashimoto et al. 1998; Olson et al. 2006; Woo et al. 2004) . Overall the RH shear stress AUC was larger in the obese group in the present study, and we considered the possibility that a higher shear stress may have masked an impaired RH-FMD in the obese group.
Although ratio normalization has some limitations and interpretation is cautioned as potentially misleading if a number of statistical assumptions are not met (including a linear relationship between shear and FMD with a zero intercept, normal distribution and homogeneous variance) (Atkinson et al. 2009; Thijssen et al. 2011) , we used this tool to further explore whether the higher shear stress stimulus in D r a f t the obese group was masking impaired RH-FMD responses. The normalized 15 min RH-FMD response was significantly lower in the obese group vs. the control group, while the 5 min RH-FMD still was not.
The presence of a group difference in 15 min RH-FMD but not 5 min RH-FMD after accounting for stimulus magnitude was also supported by analysis of RH-FMD with shear stress AUC as a covariate (data not shown). This, in combination with the clearly impaired HGEX-FMD (Figure 3 ) (stimulus matched between groups ( Figure 2B) ) suggests that at least in this young healthy phenotype (table one blood pressure and metabolic parameters in normal range), obesity may preferentially impair the endothelium's ability to respond to more prolonged increases in shear stress.
The slope of RH-FMD -shear stress stimulus relationship was lower in the obese group. A lower slope in participants with CVD risk has been found previously by creating a range of stimuli with cuff inflation durations ranging from 1 -5 min (Padilla et al. 2009 ). The current work differs from those findings by demonstrating group differences using a relationship constructed with shear stress stimuli resulting from >5 min of forearm occlusion, and thus into a larger stimulus-response range. Again, given the normalized RH-FMD findings (different only in the 15min RH-FMD test) and the HGEX-FMD findings, this group difference in slope was likely primarily driven by an impaired response to the prolonged hyperemia in the 15 min RH-FMD test.
HGEX-FMD
The HGEX-FMD impairment was present from the 2 nd until the 10 th minute of the exercise bout.
This finding is in agreement with a recent study by our group in which we observed impaired HGEX-FMD in young healthy smokers (Findlay et al. 2013) . Findlay et al. (2013) also observed no impairment in 5 min RH-FMD. In addition to the present findings and those of Findlay et al. (2013) a small collection of additional studies provide evidence that FMD in response to a sustained stimulus is impaired in conditions associated with a poor cardiovascular prognosis (smokers (Gaenzer et al. 2001) , the elderly (Grzelak et al. 2010) , patients with type 1 diabetes (Bellien et al. 2010; Grzelak et al. 2010) ), in some cases to a greater extent than RH-FMD (Bellien et al. 2010; Grzelak et al. 2010 ). However, this finding is There is evidence to suggest that different shear stress profiles recruit distinct endothelial transduction and dilatory mechanisms (Frangos et al. 1996; Mullen et al. 2001; Pyke and Tschakovsky 2005) . Health condition-and shear stress profile-specific FMD results may indicate that some shear stress transduction pathways are more vulnerable to interference from particular vascular 'insults' or disease states. While both RH-FMD and FMD in response to sustained stimuli like HGEX are thought to be somewhat dependent on NO (Bellien et al. 2006 ) (Joannides et al. 1995; Wray et al. 2011) it is also possible that the specific pathway of NO production depends on the shear stress stimulus employed (Frangos et al. 1996) . A more pronounced HGEX-FMD and 15 min RH-FMD impairment may reflect a greater negative impact of obesity on the mechanisms responsible for transduction of prolonged stimuli.
The influence of baseline diameter
Baseline diameter was larger in the obese group and this deserves consideration when interpreting the FMD responses given that baseline diameter could influence %FMD both via the calculation itself and potentially, an obesity independent reduction in shear stress sensitivity with a larger brachial artery diameter . Furthermore, some studies have suggested that baseline diameter itself predicts cardiovascular risk, with larger diameters associated with greater risk (Yeboah et al. 2007 ).
However, purely diameter driven sensitivity differences as an explanation for the observed group difference in HGEX-FMD is unlikely as evidence suggests that when shear stress is controlled, baseline diameter does not influence FMD in the brachial artery . In addition, while group differences in baseline diameter were present for all three FMD tests, group differences in FMD were found for HGEX-FMD only. To explore the influence of baseline diameter, an allometric scaling approach was performed with the absolute FMD as the outcome and log transformed baseline diameter as a covariate (Atkinson et al. 2013) . In this analysis, again, group differences were found only for the D r a f t HGEX-FMD test. Taken together these data suggest that differences in baseline diameter were unlikely to be responsible our observed group differences in HGEX-FMD.
Subject characteristics and mechanisms of endothelial function impairment
The BMI and waist circumference of the obese group in the present study is slightly larger than previous studies that have detected attenuated 5 min RH-FMD in obese populations (Biasucci et al. 2010; Brook et al. 2001; Hashimoto et al. 1998) . This suggests that a lower 'severity' of obesity does not explain our disparate results. The obese group presented with significantly lower HDL levels, higher blood pressure, and were older than the control group (table 1) . The blood pressure in the obese group remained in the 'normal' range although HDL was below the recommended cut point (Chobanian et al. 2003; Cleeman et al. 2001) . It is unlikely that mild dyslipidemia fully accounts for the development of endothelial dysfunction in the obese group. Given the modest difference in metabolic variables it is likely that other obesity related factors were involved (Lau 2005; Montero et al. 2012; Van Gaal et al. 2006) .
Although the obese group was significantly older than the control group (27 vs. 21 years) it is unlikely that age played a significant role in determining FMD. Celermajer and colleagues (Celermajer et al. 1994) observed that %FMD (measured using the standard 5 min RH-FMD protocol) did not exhibit an age related decline in men until the 4 th decade. In addition, the group difference in HGEX-FMD persisted with age, systolic blood pressure and HDL added as a covariates (data not shown).
Limitations
This study population was limited to young, healthy men and examined the brachial artery only, which therefore limits its generalizability to other age groups, to women and to other vascular beds.
Future studies are required to investigate whether the obesity-mediated inhibition of the dilatory response to a sustained shear stress stimulus is sex, age and vessel specific.
Oxidative stress and indices of inflammation were not assessed, therefore we were not able to evaluate whether these specific characteristics in the obese group might have influenced the FMD responses observed. However, these measurements would not have aided in answering the primary D r a f t question, which was to determine whether the presence of obesity is associated with a uniform, or a shear stress profile specific impact on FMD. In addition, with the non-invasive design we were not able to identify the specific mechanistic etiology of the distinct RH and HGEX-FMD responses. Finally, with the inclusion of only one abdominally obese group without visceral adipose tissue quantification, the findings do not provide insight regarding the sensitivity of HGEX-FMD in detecting dysfunction over a range of phenotypes of adiposity. Future, larger studies will be required to address this limitation.
Conclusion
This study is the first to investigate how obesity affects the ability of the brachial artery to respond to various shear stress profiles. With a matched shear stress stimulus, it was shown for the first time that HGEX-FMD was more than 50% lower in young males with abdominal obesity vs. a lean control group. We also showed for the first time a lower normalized 15 min RH-FMD, and shear stress stimulus-RH-FMD response slope in the obese group. Taken together these data suggest that obesity is associated with impairment the endothelium's ability to respond to prolonged increases in shear stress.
Future work is needed to establish: 1) the sensitivity of HGEX-FMD in detecting endothelial dysfunction in a range of phenotypes of excess adiposity and other conditions, 2) The mechanisms through which obesity causes impairments in FMD and 3) whether the HGEX-FMD and 15 min RH-FMD are useful in the prediction of future cardiovascular risk.
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